ABSTRACT
GH is thought to exert a short-loop feedback action on the hypothalamic somatostatinand GH-releasing hormone (GHRH)-containing neurons.
The direct actions of GH are mediated through GH receptors.
In the male rat, few of normal (n = 71, hypophysectomized (n = 71, and hypophysectomized/rGH-treated (1.5 mg rat GH over 3 days; n = 6) rats. We found that most of the NPY-containing neurons in the ARC expressed GH receptor mRNA, whereas hypothalamic NPY neurons residing outside of the ARC did not. Furthermore, hypophysectomy significantly decreased NPY mRNA levels, and GH treatment restored the levels to those of the intact animals.
We conclude that GH regulates the activity of NPY neurons in the ARC by a direct action on GH receptors that are expressed by NPY neurons. Whether the action of GH on NPY neurons in the ARC is related to the feedback control of GH secretion or some other physiological function remains to be determined. (Endocrinology 137: 1319 (Endocrinology 137: -1325 (Endocrinology 137: , 1996 G H IS SECRETED in a pulsatile manner, and its patterning is dependent upon the reciprocal action of somatostatin (SS) and GH-releasing hormone (GHRH) on pituitary somatotropes
(1). GHRH is released from neurons whose cell bodies reside in the arcuate nucleus (ARC), and it stimulates the synthesis and secretion of GH from the pituitary (2-4). SS is released from neurons whose cell bodies reside primarily in the periventricular nucleus (PeN), and it inhibits the secretion of GH (5, 6) . GH participates in the homeostatic control of its own secretion through a mechanism involving short-loop feedback regulation on the synthesis and release of SS and GHRH. Evidence suggests that GH stimulates the synthesis and secretion of SS from neurons in the PeN and inhibits the synthesis and secretion of GHRH from neurons in the ARC (7-10).
The direct action of GH is mediated by GH receptors. GH appears to act directly on hypothalamic SS neurons because GH receptor messenger RNA (mRNA) is expressed in the majority of SS neurons in the PeN and the paraventricular nucleus (PVN) (11); however, the effect of GH on GHRH neurons is most likely indirect because few GHRH neurons in the ARC appear to express the GH receptor mRNA (12). A population of cells in the ARC do appear to express GH receptor mRNA, but their identity has not been revealed (12). Neuropeptide-Y (NPY) neurons reside in close proximity to GHRH neurons in the ARC, and GH induces the rapid ex-pression of the early response gene, c-fos, in these NPY neurons (13). These observations suggest that NPY neurons are a plausible target for the direct action of GH in the ARC. If this were the case, then NPY neurons in the ARC should express the mRNA for the GH receptor. We tested this hypothesis by examining the coexpression of GH receptor mRNA and NPY mRNA in the hypothalamus by doublelabel in situ hybridization.
The induction of c-fos mRNA in NPY neurons by GH and the presence in the NPY promoter region of an activator protein 1 (AP-1) regulatory element (14), which interacts with Fos, the gene product of c-fos, suggests that NPY gene expression is regulated by GH. We tested the hypothesis that GH regulates the expression of NPY mRNA in the ARC by comparing cellular levels of NPY mRNA among groups of rats in which plasma levels of GH had been experimentally altered by hypophysectomy and GH replacement.
Materials and Methods

Exp 1
Two adult male rats were killed, and brains were collected and sectioned.
Tissue sections that included the ARC were processed by double-label in situ hybridization and analyzed for double-labeling of GH receptor mRNA and NPY mRNA.
Exp 2 Hypophysectomized (hypox) adult male rats were treated with either rat GH (rGH, 1.5 mg; n = 6) or vehicle (n = 7) over a 3-day period. Normal (intact) adult male rats received only the vehicle for the same length of time (n = 7). At the end of the treatment period, the rats were killed and their brains and trunk blood were collected.
The brains were 
of approximately 2 pmol/ml in the hybridization buffer. Because the exact yield of the transcription reaction with digoxigenin-UTP for the NPY cRNA probe could not be derived, a test in situ hybridization was performed to determine empirically the optimal concentration for this probe. After the second day of stringent washes, the slides were placed in a blocking buffer containing 2 x SSC, 0.05% Triton X-100, and 2% normal sheep serum for 60 min. The slides were washed in buffer 1 (100 mM Tris-HCI, pH 7.5 and 150 mM NaCI) for 30 min and then incubated for 3 hat 37 C with antidigoxigenin antibody conjugated to alkaline ohosphatase (Boehringer Mannheim Biochemica, Indianan-'------r ohs, IN; 1:lbOO in buffer 1 contain&g 1% normal sheep serum and 0.3% Triton X-100). The slides were washed in buffer 1 again and rinsed in buffer 2 (100 mM Tris-HCI, 100 mM NaCl, 50 mM MgCl,, pH 9.5) for 10 min. The slides were then incubated in buffer 2 with 340 Kg/ml nitroblue-tetrazolium-chloride (Sigma, St. Louis, MO) and 175 pg/ml5-bromo-4-chloro-3-indolyl-phosphate (Sigma), and 240 pg/ml levamisole in a light-tight box for 3 h at 37 C. The reaction was stopped by rinsine y -0 slides in 10 mM Tris-HCI, pH 8.0, and 1 rnM EDTA. The slides were placed in 70% ethanol for 15 set and then air-dried.
Before being emulsion-coated, the slides were dipped in 3% parlodion (Fisher Scientific, Fair Lawn, NJ), which was dissolved in isoamyl acetate. Slides were placed in light-tight boxes containing small tubes of desiccant and were exposed for 21 days at 4 C. 
Statistical analysis
Unless otherwise noted, all data are presented as mean t SEM. For Exp 2, n = the number of animals within a group, and this was the "n" used in the data analysis.
The statistical comparison of signal levels among groups was performed by one-way ANOVA.
Fisher's protected least significant difference test was used to identify specific differences between groups. A probability of 0.05 or less was considered significant for rejecting the null hypothesis that experimental and control values did not differ.
Results
Exp 1: colocalization of GH receptor mRNA and IVPY mRNA Numerous NPY mRNA-positive neurons in the PeN, PVN, DMN, and ARC were identified by the presence of a cytoplasmic purple reaction product in the cell. The silver grains, representing the presence of GH receptor mRNA, were diffusely distributed in the ARC and appeared as distinct clusters in the PeN, PVN, and DMN. By visual inspec- tion, the majority of the NPY mRNA-containing neurons in the ARC appeared to express GH receptor mRNA (Fig. 2) , whereas no NPY neurons residing within the PeN, PVN, or DMN appeared to express GH receptor mRNA (not shown).
A total of 164 digoxigenin-positive neurons in the ARC of one rat and 166 in the ARC of another rat were analyzed by automated image analysis. A summary of the signal to buckground ratio analysis for these cells is shown in Table 1 . Because the selection of a criterion used to define a doublelabeled cell is relatively arbitrary, results are shown for ratios ranging from 1-5. The results from both animals agreed within 4 percentage points for all 5 ratios. Overall, 100% of the NPY neurons in the ARC had signal levels that were at least as high as the background, and 61% had signal levels that were at least five times as high as the background. Whereas a ratio of 1:l produces an estimate of coexpression that is too liberal and a ratio of 5:l produces an estimate that is probably too conservative, selection of an intermediate ratio of 3:l produced an estimate that approximately 92% of the NPY neurons in the ARC express GH receptor mRNA. Table 2 shows the results of the overall signal density anulysis for both animals. In addition to the 330 neurons measured in the ARC of the two rats, an additional 163 were measured in the cortex and used in this analysis. Eighty-five percent of the NPY neurons in the ARC had a grain density of at least 10 grains/1000 pixels, whereas only 1% of the cortical cells reached this level. Frequency distribution histograms of signal density results for NPY mRNA-containing neurons in the ARC and the cortex are shown in Fig. 3 .
Exp 2: GH regulation of NPY mRNA Levels of GH in the serum of normal male rats were 51 t: 25 rig/ml, whereas levels were less than 1 rig/ml in hypox rats. Levels of GH were within the physiological range (94 + 12 rig/ml) in 5 of the hypox rats that were treated with rGH. In the sixth rGH-treated hypox rat, the minipump was severed at the time of sacrifice, contaminating the trunk blood that was collected.
As illustrated in Fig. 4 , NPY mRNA levels varied as a function of GH state. The intensity of NPY mRNA labeling (as measured by gray level) was significantly less in hypox compared with intact animals (P < 0.05). NPY mRNA signal levels were significantly greater in hypox animals treated with rGH compared with hypox animals treated with vehicle (P < 0.005). NPY mRNA levels were not significantly different between the group of intact (vehicle-treated) animals and the group of hypox animals treated with rGH. Figure 5 shows low power, darkfield photomicrographs of emulsioncoated brain sections of the ARC that were labeled for NPY mRNA from representative intact/vehicle, hypox/vehicle and hypox/rGH animals.
Discussion
These results suggest that NPY neurons in the ARC are target cells for the direct action of GH and that part of this ysectomy and that this reduction appeared to have been due to an absence of GH in these animals because it could be reversed by the administration of GH to the hypox animals. These results are consistent with the recent report by Kamegai and co-workers that GH induces the expression of c-fos mRNA in ARC NPY neurons (13). Furthermore, our results suggest that the induction of c-fos mRNA observed by Kamegai et al. is caused by a direct action of GH on NPY neurons and results in increased levels of NPY mRNA.
The inference that GH acts directly on NPY neurons is based on the colocalization of GH receptor mRNA and NPY mRNA in ARC neurons. Although visual inspection of double-labeled brain sections made it clear that most of the NPY mRNA-containing neurons in the ARC also contain GH receptor mRNA, the low level of GH receptor mRNA expression and relatively close packing of NPY mRNA-containing neurons made the quantitative analysis of coexpression es- action involves the induction of NPY gene expression. First, we adduced evidence for the presence of GH receptor mRNA in the majority of ARC NPY neurons. Second, we report that NPY mRNA levels in the ARC were reduced after hypoph- by the presence of many grains over their soma) and cells with grain counts that are too low to be certain that they express the GH receptor message. However, the numerical results derived from this process are dependent on the threshold that is selected, and the selection of any particular threshold is subjective and arbitrary. To illustrate this point, we have presented the analysis in a tabular form, which includes a range of threshold values (Tables 1 and 2 ). Although it is impossible to determine the precise percent of coexpression, these results suggest that most of the NPY neurons in the ARC express GH receptor mRNA, regardless of the threshold selected.
There is no direct evidence that NPY neurons make synaptic contact with GHRH neurons; however, electron microscopic immunohistochemical studies have demonstrated synaptic connections between NPY-containing axons and SS neurons in the PeN (29). This suggests that NPY neurons can influence the release of GH secretion by acting on PeN SS neurons.
Whether these particular NPY-containing axons originate from cell bodies residing within the ARC remains to be established. If they do not, it would seem less likely that they are involved in mediating GH feedback but may perform other functions related to GH regulation.
The fact that PeN SS neurons themselves express GH receptor mRNA would seem to obviate the need for NPY-mediated GH feedback on SS neurons; however, the interaction of NPY neurons with the feedback regulation of GH secretion may be more complex than we now realize. The feedback regulation of GHRH neurons in the ARC could be accomplished entirely through PeN SS neurons because there is anatomical evidence for connections between these two populations of neurosecretory cells (30, 31) .
In this study we used hypophysectomy to determine the effect of GH on NPY mRNA in the ARC. Of course, removal of the pituitary also eliminates the secretion of other hypophysial hormones as well as those from target organs such as the thyroids, adrenals, and gonads. Indeed, Urban and co-workers (20) have shown that castration also reduces NPY mRNA in ARC neurons and that testosterone stimulates NPY mRNA in the ARC of castrated rats. Therefore, the reduction of testosterone secretion that occurred after removal of the pituitary would likely have contributed to the decrease in NPY mRNA we found in the hypox group. Nevertheless, the stimulation NPY mRNA in the ARC by GH that we observed in hypox animals clearly suggests a trophic role for GH as well.
The observation that GH treatment increases intracellular levels of NPY mRNA in the ARC is consistent with the hypothesis that NPY neurons transduce at least part of the short-loop GH feedback signal to hypothalamic neurosecretory cells. Increased NPY mRNA expression is accompanied by increased c-fos mRNA levels (13), which suggests that these cells are induced by GH to synthesize and release NPY. To form part of a negative feedback loop regulating GH secretion, NPY would have to inhibit the release of GH, either by inhibiting GHRH secretion or by stimulating SS release. In several studies, the intracerebroventricular administration of NPY has been shown to inhibit circulating GH levels (21, 32), presumably due to an activation of SS neurons (22). A direct action of NPY on the pituitary is also conceivable; however, at the pituitary level, NPY is thought to stimulate GH secretion (33). Therefore, it is unlikely that NPY from neurons in the ARC acts at the pituitary to participate in the negative feedback regulation of GH.
Although it would appear likely that GH acts directly on NPY neurons in the ARC to regulate NPY gene expression, the physiological significance of the interaction between GH and NPY neurons remains to be elucidated.
NPY neurons have been implicated in a number of important physiological
The results presented here, when considered in the context of earlier observations that GH administration induces c-fos expression in ARC NPY neurons (13) and the NPY gene contains an AP-1 site (14), suggest a model to explain at least part of the effects of GH on NPY neurons in the ARC. According to this model, GH binds to GH receptors present in the membrane of NPY neurons in the ARC, inducing the expression of c-fos mRNA and the production of Fos, the c-fos gene product. Fos in turn binds to the AP-1 site on the NPY gene and induces the expression of NPY mRNA. Increased c-fos and NPY mRNA expression suggests that GH induces NPY release from ARC NPY neurons. If this presumed increase in NPY release is involved in the short-loop feedback regulation of GH, the most likely target for the ARC NPY projections are SS neurons located in the PeN. In summary, the majority of NPY neurons in the ARC express GH receptor mRNA, whereas NPY neurons at other sites within the hypothalamus do not. The binding of GH to its receptor induces the expression of NPY mRNA, presumably through a c-fos-dependent mechanism. Whether these NPY neurons play an important role in the regulation of GH secretion or participate in some other physiological system remains to be determined.
